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Abstrakt: 
V této bakalařské práci je porovnáván magnetokalorický jev dvou různých materiálů 
– nanočástic ferritu hořečnatého a sloučeninách TbGe1-xSix obohacených germaniem. 
Magnetické vlastnosti magnetických nanočástic můžou být kontrolovány pomocí 
jejich tvaru a velikosti, což může být výhodné pro jejich použití při magnetickém 
chlazení. Změna entropie MgFe2O4 byla získána z měření magnetických křivek při 
různých teplotách.  
Sloučeniny TbSi0.4Ge0.6 a Tb5Si4 byly připraveny metodou obloukového tavení a 
jejich krystalická struktura byla potvrzena pomocí rentgenové difrakce. Hodnoty 
MCE byly získány z měření závislosti tepelné kapacity na magnetickém poli a 
teplotě. Diskutovány jsou také rozdíly mezi hodnotami ΔS v magnetických 
nanočásticich MgFe2O4 a v sloučenině TbSi0.4Ge0.6.  
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Abstract: 
A comparative study of the magnetocaloric effect is reported in two different types of 
materials - magnesium ferrite nanoparticles and alloys of Ge-rich compounds of 
TbGe1-xSix. The magnetic properties of magnetic nanoparticles can be controlled by 
particle shape and size, that has an advantage of utilization them in magnetic 
refrigeration. The entropy change, ΔS for MgFe2O4 was obtained from the 
measurements of magnetization, M(H,T) curves at defined temperature intervals.  
The alloys of TbSi0.4Ge0.6 and Tb5Si4, respectively, were prepared by arc-melting and 
their crystal structure was confirmed by X-ray diffraction. The values of MCE were 
determined from the measurements of the in-field temperature dependence of the 
heat capacity. The differences between the values of ΔS in MgFe2O4 nanoparticles 
and TbSi0.4Ge0.6 are discussed here.  
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1. Motivation and aims of the work  
 
The magnetocaloric effect (MCE) has been used for many decades to reach ultra low 
temperature. In today’s world it is important to develop technologies with negligible 
negative impact on the environment. Application of the MCE in cooling technologies 
near room temperature is therefore a very promising technology. It was proved, that 
it is possible to obtain significant cooling powers at very high Carnot efficiencies [1]. 
Recently, utilization the magnetic nanoparticles in MCE technologies has been 
theoretically predicted [2], and subsequently stimulated intensive research in the 
field. My bachelor work is highly motivated with the investigation of the two 
representative classes of solid materials suggested for MCE applications. 
The aims of the bachelor are summarized as follows: 
1) MCE determination from magnetization measurements of MgFe2O4 nanoparticles 
prepared by various synthetic methods 
2) preparation and characterization of the sample of Tb5Si4 and TbSi0.4Ge0.6 samples 
3) and MCE measurements of in-field temperature dependence of heat capacity of 
Tb5Si4 and TbSi0.4Ge0.6 in order to obtain the values of MCE. 
The bachelor work is divided into several parts. 
It starts with motivation and aims of the work (Chapter 1). In the beginning, the 
history and the problems of nowadays-magnetic refrigerators are discussed, and basic 
aspects of magnetism and magneto-caloric phenomena are presented (Chapter 2). 
The experimental techniques including preparation, characterization and 
measurement of MCE are summarized in Chapter 3. 
The first part of my experimental effort presents the MCE in magnetic nanoparticles 
of MgFe2O4 (Chapter 3.2). Magnesium ferrite is of big interest nowadays due to its 
enormous potential in magnetic application (as magnetic resonance imaging [3]) or it 
is used as humidity sensors [4] or catalyst [5]. Within last few years, there has been 
an intensive research in order to use magnetic nanoparticles also in magnetic cooling 
technologies. The reason is that they exhibit a broad temperature range, where the 
significant MCE effect can be observed.  
The second part of my bachelor work presents preparation, characterization, and 
measurements of the MCE in Tb5Si4 and TbSi0.4Ge0.6, respectively. The giant MCE 
was observed in alloys of Gd5(SixGe1-x)4 [6], hence the other rare earth 5:4 
compounds with Si and Ge are of potential interest. Finally, conclusions to the 
presented results are given. 
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2. Introduction to theory of MCE 
 
2.1  History  
The magnetocaloric effect (MCE) was discovered in iron in 1881 by E. Warburg [7]. 
Its use to reach ultra low temperatures (about 1K) by adiabatic demagnetization was 
described by W. F. Giauque and P. Debey in 1926-1927 [8, 9]. 
The first experiments using this method with paramagnetic salts were carried out in 
1933 by Giauque and MacDougall. Since that time, the MCE has been used for 
reaching ultra low temperatures. In 1976, G.V Brown used the Gd as a first 
refrigerator [10]. Discovery of giant MCE in 1997 in Gd5(Si2Ge2) has revived the 
interest in the research of new MCE materials [11]. Gd5(Si2Ge2) exceeded the 
reversible MCE in any known magnetic material due to the simultaneous first order 
magnetic and crystallographic phase transition. It was found out, that the temperature 
of this magnetic transition can be tuned from 30 to 280 K by changing the ratio of 
Si:Ge in the Gd5(SixGe1-x)4 alloy [6]. 
In the research of giant MCE (GMCE) in Gd5(Si2Ge2), the high purity Gd metal was 
used. Using these alloys for commercial applications in cooling technologies is 
limited by the high purity of the gadolinium necessary for their preparation.. Further 
studies have shown, that using the commercial Gd metal of 2N – 3N purity yields 
dramatic decrease of the MCE [1]. The study of the alloying effect in Gd5(Si2Ge2) 
compound was done in order to define the proper composition with the maximum 
MCE at the room temperature. This study demonstrated that alloying a small amount 
of Ga causes raise of the Curie temperature (from 280 to 290K), and preserve the 
GMCE [12]. 
In last years another promising materials were discovered and studied – the alloys of 
La(Fe,Si)13 [13] or MnFe(P,As) [14]. The parameters of these materials are 
summarized in Table 2.1.  
 
Table 2.1: Parameters of some promising MCE materials: 
sample TC (K) 
ΔS -5T 
(J.kg-1.K-1) 
Price Comment 
Gd5(Si,Ge)4 130-270 18 high need of purity Gd 
La(Fe,Si)13 200-330 23 low precipitation of Fe 
MnFe(P,As) 150-280 20 low toxic elements 
 
The mentioned problems (impurities of alloys and reaching room temperature) have 
not been solved yet and need further intensive studies. A new class of promising 
materials are magnetic nanoparticles, which will be discussed later (Section 2.5). 
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2.2 Introduction to magnetism 
First, I would like to mention briefly some basic knowledge of magnetism in 
condensed matter [15]. 
In a paramagnet, magnetic moments point in random direction in zero magnetic field, 
because there is no exchange interaction between neighboring atoms or ions. After 
application of the magnetic field they line up, the degree of the aligning up 
depending on the strength of the applied magnetic field.  
In a ferromagnet, all the magnetic moments are in parallel alignment due to a 
positive exchange interaction. The material stabilizes its magnetostatic energy by 
formation of the magnetic domains of uniform magnetization, but the magnetization 
of each domain points in different direction.  
In an antiferromagnet, the adjacent magnetic moments lie in antiparallel alignment 
because of a negative exchange interaction.  
It is obvious, that when the temperature of a system rises up, the thermal fluctuations 
become significant and at some point they dominate up to the exchange interactions. 
Hence, the system behaves like a paramagnet above this temperature. This 
temperature is called Curie temperature for ferromagnets and Neél temperature for 
antiferromagnets, respectively.  
The special aspects of magnetism in single-domain nanoparticles will be discussed 
later (in Section 2.5) 
 
2.3 What is the MCE  
The MCE is the ability of some magnetic materials to change their temperature when 
they are magnetized, and recover the temperature when they are removed from the 
magnetic field in an adiabatic process. 
The thermodynamics of the MCE in a ferromagnet near its Curie temperature is 
illustrated schematically in Figure 2.1. At constant pressure, the entropy of a 
magnetic solid S(T,H) comprises the magnetic SM, lattice Slat and electronic Sel, 
contributions, respectively [16]: 
),(),(),(),( HTSHTSHTSHTS ellatM ++=    (1) 
When the magnetic field is applied adiabatically (the total entropy of the system 
remains constant during the magnetic field change) in a reversible process, the MCE 
(i.e. the adiabatic temperature rise, ΔTad=T1-T0) can be visualized as the isoentropic 
difference between the corresponding S(T)H function as shown in Figure 2.1 by the 
horizontal arrow. 
The MCE can be also expressed by means of the isothermal magnetic entropy change 
ΔSM=S1-S0 (in Figure 2.1 vertical arrow), when the magnetic field is applied 
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isothermally. Therefore ΔTad  and ΔSM represent two quantitative characteristics of 
the MCE, and both are functions of the initial temperature T0 and the magnetic field 
change ΔH=H1-H0. It is easy to see, that if raising the magnetic field increases 
magnetic order (i.e. reducing magnetic entropy, which is the case for simple 
paramagnet or ferromagnet), the ΔTad is positive and magnetic solid heats up, while 
ΔSM is negative. So the biggest change in adiabatic temperature ΔTad is caused by the 
biggest change of ΔSM, they have only opposite sign.  
It is obvious that the biggest ΔSM is in the vicinity of order-disorder transition. Hence 
we can expect, that for a ferromagnet or an antiferromagnet the ΔSM and ΔTad will be 
largest in the vicinity of the Curie or the Neél temperature, respectively. The best 
potential materials for magnetic cooling should be ferromagnets (or potentially 
antiferromagnets) with the magnetic phase transition temperature near the room 
temperature.  
Typical values of the entropy change range in the order of 0.1-1 J.kg-1.K-1 over a 
magnetic field of 1 T.  
 
 
Figure 2.1: The S-T diagram illustrating the existence of the MCE. The solid lines represent the total 
entropy in two different magnetic fields: H0=0 and H1>0. The horizontal arrow shows ΔTad and the 
vertical arrow shows ΔSM when the magnetic field is changed from H0 to H1. The dotted line shows 
the combined lattice and electronic entropy and dashed lines show the magnetic entropy in two fields. 
S0 and T0 are zero field entropy and temperature, S1 and T1 are entropy and temperature at the elevated 
magnetic field H1.[16] 
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2.4 How determine the MCE 
The methods of the MCE determination are described in many articles, for example 
[11, 16].  
The MCE can be measured directly or indirectly. From the direct measurements, we 
can get only the ΔTad. This type of experiment contains measurement of the initial 
temperature T0 in the field H0 and the final temperature Tf in the field Hf, the ΔTad= 
Tf - T0 is then calculated for a given magnetic field change, ΔH= Hf - H0 .  
Nowadays the MCE is measured indirectly, and is calculated from the measured 
experimental data. There are two methods, how to determine the MCE indirectly – 
measurement of the magnetization M(H,T) or measurement of the heat capacity in 
constant magnetic field. The details of the indirect measurements are described 
hereafter.  
 
2.4.1  The MCE determination from measurement of magnetization 
 
The MCE can be determined from measurement of the so-called family of M(H,T) 
curves (magnetization isotherms). The ΔSM can be determined from the 
thermodynamic Maxwell relation: 
HT
M
T
M
H
S ⎟⎠
⎞⎜⎝
⎛
∂
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⎞⎜⎝
⎛
∂
∂
0μ       (2) 
where T is the absolute temperature, H is the applied magnetic field, μ0 is the 
vacuum permeability and M is the measured magnetization. ΔSM can be calculated 
from the relation: 
dH
T
MS
H
H
M ∫ ⎟⎠⎞⎜⎝⎛ ∂
∂=Δ
0
0μ       (3) 
From this indirect method we can obtain only ΔSM, but not ΔTad. 
 
2.4.2 The MCE determination from measurement of heat capacity 
 
The heat capacity is very sensitive to magnetic order-disorder phase transition. At the 
temperature of the magnetic ordering, we can usually observe a peak on the 
temperature dependence of the heat capacity. From this method, it is possible to 
obtain both the magnetic entropy change, ΔSM, and adiabatic temperature change, 
ΔTad. The total entropy, S can be calculated as a function of temperature (e.g. by 
numerical integration):  
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where H0 is the magnetic field at which heat capacity was experimentally measured. 
The ΔSM can be then determined as the difference between the S(HF,T) and the 
S(H0,T), where HF is the final magnetic field. The T(H0,S), T(HF,S) can be then 
determined from the calculated entropy dependence of temperature and ΔTad can be 
obtained as a difference ΔTad =T(HF,S)-T(H0,S).  
 
2.5 Magnetic nanoparticles 
Magnetic nanoparticles are of big interest nowadays because of their physical 
properties different from a bulk system. Their magnetic properties can be 
conveniently controlled by particle shape and size. 
 
2.5.1 Superparamagnetism in magnetic nanoparticles 
 
Superparamagnetism (SPM) is a phenomenon by which magnetic nanoparticles may 
exhibit a behavior similar to paramagnets at temperature below the Curie (or Neél) 
temperature. 
The SPM nanoparticles have a number of applications, for example in biomedical 
technology (as drug delivery or hyperthermia) [17] or magnetic recording. 
The SPM effect occurs due to the fact, that the particles are small enough, that they 
will form a single-domain magnetic state. When the thermal fluctuations are 
dominating, the system behaves like a paramagnet. When the temperature decreases, 
thermal fluctuations become less dominating then the magnetocrystalline anisotropy, 
and below the so-called blocking temperature, TB magnetic moment of 
superparamagnetic particles „freeze“ in a random orientation and cannot rotate 
freely. One of the effects of superparamagnetism is, that the system has non-
hysteretic magnetization curves above the blocking temperature.  
 
2.5.2 The MCE in magnetic nanoparticles 
 
Another interesting application of magnetic nanoparticles is in MCE technologies. 
As mentioned before, the maximum entropy change in typical MCE materials is 
concentrated in the vicinity of the paramagnetic-ferromagnetic transition at the Curie 
temperature, TC and decays sharply far from the TC. Whereas it was shown, that 
magnetic nanoparticles have a broad peak of ΔSM [18]. This peak is extended in the 
broad temperature range much higher than the TB.  
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Another serious problem in typical MCE ferromagnets is, that it is cumbersome to 
tune the TC. On the other hand, the blocking temperature TB can be tuned by 
adjusting the particle size, shape, dispersion and inter-particle interactions. Some of 
other advantages can be in dispersion of nanoparticles in other host matrices, that 
themselves can be good MCE materials, or in large surface area in nanostructured 
materials, that has the potential to provide better heat exchange with surroundings. 
All this advantages focus the attention in utilizing the magnetic nanoparticles in 
MCE applications. On the other hand, one of the significant disadvantages is, that the 
value of  ΔSM is much smaller than in typical GMCE materials.  
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3. Experimental details 
 
3.1  Tb5Si4, TbSi0.4Ge0.6 
3.1.1 Preparation  
 
The samples were prepared from high-purity constituents (Tb – 4N, Si, Ge - 6N) that 
were weighed to obtain desired stoichiometry. The samples were prepared by arc-
melting in argon atmosphere. They were remelted three times to be homogenized. 
The alloy button was turned over after each melting process to ensure alloy 
homogeneity. Weight losses after melting were negligible.  
Tb5Si4 was not homogeneous after arc-melting, it contained significant amount of the 
neighboring phases of the 5:3 stoichiometry. In earlier studies [19] was shown that 
additional annealing leads to homogenizing of the sample. Hence, the alloy was 
annealed at 1260°C for 6 hour. The heat treatment was carried out in high-vacuum 
furnace.  
 
3.1.2 Characterization of the samples – powder X-ray diffraction: 
 
The powder X-ray diffraction is a convenient method, how can be the crystal 
structure of the sample characterized. This technique is based on observing the 
intensity of interfering waves as a function of the diffraction angle. It could be used 
for identification of unknown samples by comparing the diffraction pattern to the 
patterns collected in a database (e.g. Powder Diffraction File), because each material 
has its unique X-ray powder pattern. Using the known lattice parameters and fraction 
coordinates, the data can be fitted by the Rietveld method to obtain exacts 
crystallographic parameters of the sample.  
The X-ray data were collected using the Seifert diffractometer equipped with the Cu-
Kα1 beam with monochromator. The X-ray diffraction patterns were collected in the 
2θ range: 15°- 85° with a step of 0.05° for both samples.  
 
3.2 Magnesium ferrite nanoparticles 
3.2.1 Preparation and characterization 
 
The first two studied samples (Mg900, Mg1100P) were prepared by Mgr. Holec, as 
MgFe2O4 nanoparticles encapsulated in amorphous SiO2. They were prepared by the 
sol-gel method [20], and subsequently annealed in order to vary the particle size. The 
final treatment at 900°C and fast cooling on air was applied for sample marked 
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Mg900. The sample marked Mg1100P was annealed at 1100°C and cooled down 
slowly (1°C/min) in furnace. The samples were then characterized using powder X-
ray diffraction (Siemens D5005 diffractometer wit Cu anode), HR TEM (high-
resolution transmission microscopy) and SEM (scanning electron microscopy), and 
Mössbauer spectroscopy by the team of Dr. Niznansky (Dept. of Inorganic 
Chemistry, Faculty of Science).  
Other two samples of MgFe2O4 were produced by hydrothermal synthesis in 
supercritical water without embedding them in an inert matrix. The structure of the 
particles was obtained from X-ray diffractometer. XRD was measured by using a 
Rigaku RINT 2000 system with Cu-Kα1 beam. The particles morphology was 
observed with transmission electron microscopy (TEM; JEOL, JEM-1200EX) [21]. 
The synthetic and characterization procedure was done by the team of Dr. Naka, 
NIMS, Tsukuba. The summary of the investigated samples is in Table 3.1. 
 
Table 3.1: Preparation of magnetic nanoparticle samples: 
Sample Type of preparation 
Mg900 Sol-gel method, final temper. 900°C, fast cooling 
Mg1100P Sol-gel method, final temper. 1100°C, slow cooling 
MgF-03 Hydrothermal synthesis in supercritical water 
MgF-04 Hydrothermal synthesis in supercritical water 
 
3.3 The MCE determination  
3.3.1 The MCE determination from measurements of M(H,T)- SQUID 
 
SQUID (Super-conducting quantum interference device) is an extremely sensitive 
device that can be configured as a magnetometer to detect very small magnetic 
moments. The important is that it consists of two superconductors separated by thin 
insulating layers to form two parallel Josephson junctions. More details about this 
device can be found in [22,23]. In our case, we used a commercial MPMS7XL 
device from Quantum Design [24]. 
This method was used to determine MCE of magnetic nanoparticles (MgFe2O4), 
because MCE cannot be obtain from measurements of the heat capacity. It is due to 
the fact, that in magnetic nanoparticles, there is no classical order-disorder transition 
and rarely, any significant anomaly is observed.  
The details of measurements are shown in Table 3.2. The temperature range was 
defined from the values of the blocking temperature determined previously from the 
zero-field cooled and field-cooled measurements [20, 21].  
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Table 3.2: The details of the measurements: 
sample magn. field temp. range 
Mg900 0-7T with step 0,25T 50-250K 
Mg1100P 0-7T with step 0,25T 200-350K 
MgF-03 0-7T with step 0,25T 200-350K 
MgF-04 0-7T with step 0,25T 280-350K 
 
3.3.2 The MCE determination from measurements of HC - PPMS 
 
The PPMS (Physical property measurement system) is an universal device for 
measurements of magnetic, thermodynamics and transport properties. In the heat 
capacity (HC) measurements, the sample is stuck down with the Apiezon grease on 
the puck. The puck with the sample is set into the PPMS, where is high vacuum 
during the heat capacity experiment. The puck thermometer and heater are controlled 
by the pin connections to the PPMS device. The principle of the measurement 
method is a relaxation of the sample temperature after a defined heat pulse applied. 
From the relaxation time, the heat capacity of the system is calculated, and from the 
puck calibration the sample heat capacity is obtained. More information is in [25].  
These measurements were done for sample of TbSi0.4Ge0.6 composition only. The 
details of the measurements are shown in Table 3.3. Tb5Si4 was not measured 
because the sample was not single-phase.  
 
Table 3.3: Details of measurements 
sample magn. field temperature range 
0T 0-302 K 
5T 0-60K TbSi0.4Ge0.6 
9T 0-100K 
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4. Results and discussion 
 
4.1 Magnesium ferrite nanoparticles 
The particle diameter of Mg900 and Mg1100 samples, which are shown in Table 4.1, 
was calculated from XRD measurement using Scherrer formula [20]. The blocking 
temperature, TB was determined from the temperature dependence of both the field-
cooled (FC) and zero-field-cooled (ZFC) magnetization. The approximate values of 
TB are also shown in Table 4.1.  
 
Table 4.1: Particle size and blocking temperature of the sample 
sample Mg900 Mg1100P MgF-O3 MgF-O4 
p. size (nm) 11.3± 4.2 24.5 ± 6.4 20 50 
TB (K) 10 50 120 240 
 
Due to the fact, that below blocking temperature the Mg ferrite nanoparticles show 
hysteresis, the temperature dependence of M(H,T) was measured above the blocking 
temperature [3]. The measurements were concentrated in the temperature range 
between 250-350K, because earlier studies showed that the maximum of ΔSM 
temperature dependence is located much higher than TB [18]. The obtained 
magnetization isotherms for both samples are shown in Figures 4.1-4.4, respectively.  
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Figure 4.1 – The magnetization isotherms of sample Mg900 between 50 and 350K, the temperature 
measurements are at intervals 50-250K (ΔT=50K ) and 250-350K (ΔT=10K) 
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Figure 4.2 – The magnetization isotherms of sample Mg1100 between 200 and 350K, the temperature 
measurements are at intervals 200-250K (ΔT=20K ) and 250-350K (ΔT=10K) 
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Figure 4.3 – The magnetization isotherms of sample MgFO3 between 200 and 350K, the temperature 
measurements are at intervals 200-250K (ΔT=25K ) and 250-350K (ΔT=10K) 
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Figure 4.4 – The magnetization isotherms of sample MgFO4 between 280 and 350K, the temperature 
measurements are at intervals ΔT=10K 
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The ΔSM was numerically calculated from the Maxwell relation according to the 
equation (2). The results for all samples are shown in Figures 4.5-4.8 for different 
values of the applied magnetic field. The errorbars were estimated from the error of 
the numerical integration [26]. One thing concerning the errorbars needs a comment. 
The errors of numerical integration are also calculated numerically (from the second 
derivation), which causes another error. Therefore, the presented errorbars are only 
estimative.  
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Figure 4.5 – The entropy change vs. temperature at four magnetic field values for Mg900 
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Figure 4.6 – The entropy change vs. temperature at four magnetic field values for Mg1100 
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Figure 4.7 – The entropy change vs. temperature at four magnetic field values for MgFO3 
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Figure 4.8 – The entropy change vs. temperature at four magnetic field values for MgFO4 
 
 
In all samples (beyond MgFO4) we can observe broad peaks of ΔSM, which are a 
typical feature in magnetic nanoparticles. These peaks are not situated in the vicinity 
of TB, but much higher. This effect has also been observed in cobalt ferrite [18] or 
zinc ferrite [27] nanoparticles, but the reason has not been explained yet.  
It´ seems that peak of ΔSM of MgFO4 is near the TB, that can be due to the relatively 
large particle size (50nm). Another reason could be that the peak is also situated 
much higher then the expected TB, hence this peak was not observed in our 
measurements that were done up to 350 K only.  
If we compare the value of ΔSM for samples that were encapsulated in SiO2 with the 
matrix-free particles, it is easy to see, that ΔSM for the free MgFe2O4 is 3-4 times 
higher than for the isolated particles. However, these values were determined from 
the specific magnetization, hence it is not relevant to compare the values.  
We cannot observe peak of ΔSM in field 1T for all samples. This effect was reported 
earlier in cobalt ferrite [28]. In small magnetic fields, the peak is located in the 
vicinity of TB. Above the blocking temperature, the nanoparticles are 
superparamagnetic and they are free to have random orientation. Hence the small 
field does not cause a maximum of the entropy change above TB.  
It is surprising, that for bigger particles (Mg1100) the ΔSM is smaller. This effect was 
also observed in cobalt ferrite nanoparticles [18] and the explanation needs further 
studies.  
In comparison to the bulk materials that show GMCE (the values are in table 2.1 for 
field 5T), the values of the entropy change for nanoparticles are quite small. 
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However, using a suitable matrix or materials based on rare earths could enhance the 
absolute value of the MCE. 
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4.2 Tb5Si4 , TbSi0.4Ge0.6  
4.2.1  X-ray diffraction  
 
The crystal structure of the Ge-rich compound, TbGe1-xSix is of CrB-type (space 
group Cmcm), so for the alloy of theTbSi0.4Ge0.6 composition, the model of CrB-type 
was used for the Rietveld method with the parameters reported earlier [29,30]. The 
occupancies of atoms were fixed from the stoichiometry. The lattice parameters that 
were obtained from Rietveld refinement are: a=4.2896 Å, b=10.6452 Å, c=3.8977 Å. 
The atomic positions determined from the Rietveld refinement are shown in Table 
4.2. These parameters are in a good agreement with literature [29,30]. The 
comparison of the observed and calculated diffraction patterns is shown in Figure 
4.9. The X-ray characterization confirms the structure of the sample. The two peaks 
near 34° and 40°, respectively, that intensities overreach the simulated values, are 
probably due to a preferred orientation along the b-axis. 
 
Table 4.2: Fraction coordinates for TbSi  0.4Ge  0.6: 
atom x/a y/b z/c 
Tb 0 0.1395 0.25 
Ge 0 0.4173 0.25 
Si 0 0.4173 0.25 
Figure 4.9: X-ray diffraction pattern for TbSi0.4Ge0.6 
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The sample of the Tb5Si4 composition is expected to crystallize in orthorhombic 
crystal with the space group Pnma. Earlier studies show that the material usually co-
exists with additional phases, with the 5:3 or the 1:1 stoichiometry, respectively. 
From the analysis of the X-ray diffraction patterns it was found out that the sample 
contains two phases, the expected Tb5Si4 phase and the Tb5Si3 (Mn5Si3 structure), 
that crystallizes in the space group Pnma. The comparison of the observed and 
calculated X-ray patterns for the two-phase Tb5Si4-Tb5Si3 is shown in Figure 4.10.  
The sample was then annealed for 6 hours at 1260°C to be homogenized. However, 
the structure of the sample was almost unchanged. The comparison of the sample 
diffraction pattern before and after annealing is presented in Figure 4.11.  
Because this heat treatment produced hardly any changes in X-ray patterns and 
microstructure, the heat capacity of this sample was not measured. Due to the 
difficulty of Rietveld refinement of the two-phase sample (too many fitting 
parameters), the Rietveld refinement for Tb5Si4 was not performed.  
 
 
Figure 4.10 – X-ray data of Tb5Si4 measured before annealing the sample. The model was calculated 
for two phases: Tb5Si4-Tb5Si3 
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Figure 4.11 – Comparison of the X-ray diffraction patterns before and after annealing. 
 
4.2.2 Measurements of heat capacity 
 
The temperature dependence of the heat capacity of TbSi0.4Ge0.6 that is shown in 
Figure 4.12 was measured in zero magnetic field, 5T and 9T magnetic field. We can 
see two sharp peaks of ∼46 J.mol-1.K-1 and ∼ 33 J.mol-1.K-1 observed at ∼ 55K and ∼ 
40K in the zero magnetic field, respectively, that shift to lower temperatures with the 
increasing magnetic field. This is the sign of antiferromagnetic behavior of the 
sample. 
Hence, the sample has two magnetic phase transitions, the first is from paramagnetic 
to antiferromagnetic state at 55K, the second is from antiferromagnetic state to 
different antiferromagnetic state at 40K. The observed ordering temperatures are in a 
good agreement with earlier reported ones [29]. 
 
 24
T (K)
0 50 100 150 200 250 300
C
 (J
.m
ol
-1
.K
-1
)
0
10
20
30
40
50
60
0T 
5T 
9T
 
Figure 4.12 – The heat capacity of TbSi0.4Ge0.6 as a function of temperature and magnetic field. The 
errorbars were determined from PPMS. 
 
The total entropy was numerically calculated from the equation (4). The error of the 
numerical integration was estimated according to earlier studies to be about 4%. The 
temperature dependence of the entropy is shown in Figures 4.13-4.15  
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Figure 4.13 – The entropy of TbSi0.4Ge0.6 calculated from the heat capacity as a function of 
temperature in field 0T. 
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Figure 4.14 – The entropy of TbSi0.4Ge0.6 6 calculated from heat capacity as a function of temperature 
in field 5T. 
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Figure 4.15 – The entropy of TbSi0.4Ge0.6 6 calculated from heat capacity as a function of temperature 
in field 9T. 
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The magnetic entropy change, ΔSM, and the adiabatic temperature change, ΔTad, were 
obtained as described in the theoretical part (section 3.3.2). To obtain the values of 
entropy that belong to the same values of temperature, the interpolation method was 
used. The error was roughly estimated from the error of numerical integration, the 
error of the difference and the error of the interpolation. The error of ΔSM was 
estimated to be about 8%, however it is only estimative. The temperature dependence 
of the ΔSM is shown in Figure 4.16 and the temperature dependence of ΔTad is shown 
in Figure 4.17.  
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Figure 4.16 – The temperature dependence of magnetic entropy change for TbSi0.4Ge0.6 in field 0-5T 
and 0-9T. 
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Figure 4.17 – The adiabatic temperature change ΔTad  of TbSi0.4Ge0.6 as a function of temperature 
calculated from heat capacity data for 0-5T, 0-9T magnetic field change. 
 
 
The magnetic entropy change ΔSM is peaking in the vicinity of Neél temperature and 
is positive that is the characteristic property of an antiferromagnet below its 
metamagnetic transition(s). For the magnetic field change at 0-5T we can observe 
two peaks corresponding to the observed two-phase transitions. However, for the 
change in 0 - 9T there is only a shoulder on the dominant peak that is due to the high 
suppression of the intermediate AF phase at 9 T.  
In comparison to the MgFe2O4 nanoparticles, the obtained ΔSM peak is quite sharp 
and extends only over a narrow temperature range near the Neél temperature. As we 
expected, the values of maximum ΔSM are much higher than for MgFe2O4 
nanoparticles. On the other hand, they are smaller than that of giant MCE materials 
as Gd5Si2Ge2 (Table 2.1). The effect of  ΔTad ∼ 1.5K in magnetic field change of 
about 5T is much lower then that of Gd5Si2Ge2 , where the  ΔTad ∼ 14K for 5T [11].  
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5. Conclusions 
 
The aim of the work was to study magneto-caloric effects in two groups of materials. 
From the measurements of magnetization curves, we determined the values of 
magnetic entropy change for magnesium ferrite nanoparticles. Our results confirmed 
that these MgFe2O4 nanoparticles show a broad peak of ΔSM in the temperature range 
that is fairly above their blocking temperature. One of the interesting observations is 
that when the particle size is increasing, the ΔSM is decreasing. To explain this effect 
further studies are necessary. In comparison to the nowadays-used magnetic 
materials that show giant MCE, our values of ΔSM are relatively small. On the other 
hand, their broad temperature range of ΔSM is really promising, and additional 
functionalization of the materials in order to enhance the MCE values is in progress. 
The alloys of TbSi0.4Ge0.6 and Tb5Si4 were prepared by arc-melting. From X-ray 
diffraction patterns, we found out, that the Tb5Si4 is two-phase comprising the 5:4 
and 5:3 stoichiometries. The annealing in the high vacuum furnace for 6 hours at 
1260°C produced no changes to the composition of the sample. The magnetic 
entropy change of TbSi0.4Ge0.6 was determined from measurements of the heat 
capacity in different magnetic fields. This alloy is an antiferromagnet with two 
magnetic phase transitions. The ΔSM is much higher than for magnetic nanoparticles 
as was expected, but is not as high as for materials, that exhibit giant MCE. The alloy 
of TbSi0.4Ge0.6 is not a good commercial magnetic material, because it cannot be 
utilized in room temperature (the Neél temperature is ∼ 55K). The possibility of 
tuning the Neél temperature (for example by changing the ration Si:Ge as in 
Gd5Si2Ge2 ) need further studies.  
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